Using a Nd:YVO 4 microchip laser with a relaxation frequency in the megahertz range, we have experimentally compared a heterodyne interferometer based on a Michelson configuration with an autodyne interferometer based on the laser optical feedback imaging (LOFI) method regarding their signal to noise ratios. In the heterodyne configuration, the beating between the reference beam and the signal beam is realized outside the laser cavity while in the autodyne configuration, the wave beating takes place inside the laser cavity and the relaxation oscillations of the laser intensity then play an important part. For a given laser output power, object under investigation and detection noise level, we have determined the amplification gain of the LOFI interferometer compared to the heterodyne interferometer. LOFI interferometry is demonstrated to show higher performances than heterodyne interferometry for a wide range of laser power and detection level of noise. The experimental results are in good agreement with the theoretical predictions.
INTRODUCTION
When a frequency shift is introduced between the two beams in an interferometer, one realizes the so-called heterodyne interferometry. Resulting from this shift, the interference between the two waves produces an intensity modulation, at the beat frequency, which can be measured by a photodetector. In this paper, we refer to autodyne laser interferometry when the heterodyne wave mixing takes place inside the cavity of the laser source, while we speak about heterodyne laser interferometry when the mixing is realized directly on the photodetector (i.e. outside the laser cavity).
Since the development of the first laser in 1960, laser heterodyne interferometry has become a useful technique on which many high accuracy measurement systems for scientific and industrial applications are based [1] . Since the pioneer work of K. Otsuka, on self-mixing modulation effects in class-B laser [2] the sensitivity of laser dynamics to frequency-shifted optical feedback has been used in autodyne interferometry and metrology [3] , for example in self-mixing laser Doppler velocimetry [4] [5] [6] [7] , vibrometry [8] [9] [10] , near field microscopy [11, 12] and laser optical feedback imaging (LOFI) experiments [13] [14] [15] . Compared to conventional optical heterodyne detection, frequency-shifted optical feedback shows an intensity modulation contrast higher by several orders of magnitude and the maximum of the modulation is obtained when the shift frequency is resonant with the laser relaxation oscillation frequency [4, 16] . In this condition, an optical feedback level as low as -170 dB (i.e. 10 17 times weaker than the intracavity power) has been detected [5] .
In previous papers [16, 17] , we have demonstrated that in autodyne interferometry, the main advantage of the resonant gain (defined by the ratio between the cavity damping rate and the population-inversion damping rate of the laser) is to raise the laser quantum noise over the 3 detection noise in a relatively large frequency range close to the laser relaxation frequency.
Under these conditions, the signal to noise ratio (SNR) of a LOFI setup is frequency independent and, more importantly, shot noise limited. We have also theoretically established that for the dynamical range of a LOFI setup to be maximized, the best value of the shift frequency is not the relaxation frequency, but the frequency at which the amplified laser quantum noise is equal to the detection noise level. At this particular frequency, the value of the LOFI gain is simply given by the ratio between the power density levels of the detection noise and of the shot noise.
In the same paper [17] we have also theoretically compared the SNR of a LOFI setup (autodyne interferometer) with the SNR of a conventional Michelson configuration (heterodyne interferometer) and we have found that, irrespective to the laser dynamical parameters, the LOFI SNR gain (i.e. the ratio of the LOFI SNR to the Michelson SNR) is still given by the ratio between the power density levels of the detection noise and of the shot noise.
The main objective of the present study is to experimentally verify the theoretical predictions mentioned in [17] . The present paper is organized as follows: in the first section, we
give a basic description of the two types of experimental setups (autodyne and heterodyne interferometers). In the second section, we present a theoretical laser model based on quantum Langevin equations [18, 19] to fit the experimental noise power spectrum of our Nd:YVO 4 microchip laser. The LOFI signal gain and the LOFI SNR gain of the LOFI setup can be predicted from this fit. In the third section, we measure directly the SNR of the heterodyne and the LOFI setups. The LOFI SNR gain (i.e. the ratio of the LOFI SNR to the Michelson SNR) is then experimentally determined and compared with the theoretical prediction obtained from the study of the laser noise power spectrum. Finally we conclude on the advantages and 4 disadvantages of the LOFI method compared to an heterodyne interferometer in terms of SNR and practical use.
STUDIED INTERFEROMETRIC SETUPS
A schematic diagram of the LOFI experimental setup is shown in Fig. 1(a) . Typically, the laser is a CW microchip laser [20] . The laser beam is conventionally sent towards a frequency shifter that is composed of two acousto-optic deflectors (AOD), respectively supplied by a RF signal at 81.5 MHz and 81.5 MHz+F e /2 where F e is a tunable RF frequency. The AODs are arranged so that the laser beam is successively diffracted in the -1 order of the first AOD and the +1 order of the second AOD. At this stage, the resulting optical frequency shift of the laser beam is F e /2. Next the beam is sent onto the target using a lens and galvanometric scanner made by two rotating mirrors. A part of the light diffracted and/or scattered by the target is then reinjected inside the laser cavity after a second pass in the frequency shifter. Therefore, the optical frequency of the reinjected light is shifted by F e [21] . This frequency can be adjusted and is typically of the order of the laser relaxation frequency F R . From the geometrical point of view, the laser beam waist and the laser focal spot on the target under investigation are optically conjugated through the lenses L 1 and L 2 . The amount of optical feedback is characterized by the effective power reflectivity ( e R ) of the target, where e R takes into account the target albedo, the numerical aperture of the collecting optics, the transmission coefficients of all the optical components (except for the beam splitter and the AOD which are addressed separately) and the overlap of the retro-diffused field with the Gaussian cavity beam. In the case of a weak optical feedback, the coherent interaction (beating) between the lasing electric field and the frequencyshifted reinjected field leads to a modulation of the laser output power. A schematic diagram of the heterodyne experimental setup is shown on Fig. 1(b) .
Compared to Fig. 1(a) , the only differences are: the Faraday optical isolator which prevents any optical feedback in the laser source, the beam splitter orientation and the reference mirror (RM) which allows the mixing of the reference wave with the signal wave directly on the detector. In this configuration, the delivered voltage is also processed by a lock-in amplifier. The optical isolation is of the order of -50dB.
Thus, for a given laser output power, target and photodiode noise level, the experimental setups shown on Figs. 1(a) and 1(b) enable a direct comparison of the sensitivity of a heterodyne interferometer based on a Michelson configuration and of an autodyne interferometer based on the LOFI method. Besides, it can already be noticed that compared to the heterodyne setup, the autodyne setup does not require any delicate alignment. More precisely, the LOFI setup is even always self-aligned because the laser simultaneously fulfills the function of the source (i.e. the emitter) and of the photodetector (i.e. the receptor). 
POWER SPECTRUM OF THE LASER SOURCE

A. Theoretical model
For a theoretical description of the solid-state laser noise properties, we have used a full quantum model based on the Langevin equations approach [18, 19] . The model deals with a system of homogeneously broadened four-levels atoms, reduced to a three-levels laser by an adiabatic elimination of the upper level of the pumping transition. This model also assumes that the lower level of the laser transition is not the ground state and that the atoms fill the laser cavity. This model which is quite general is well adapted to describe the behavior of a Nd:YVO 4 microchip laser [19] . More specifically, this model allows to take into account the lifetime of the lower level of the laser transition which is usually neglected compared to the value of the laser cavity lifetime in conventional neodymium laser with decimetric or metric cavity length.
In the present study, the laser used is a Nd:YVO 4 microchip laser with a conventional pumping. This laser belongs to the so-called class-B lasers family [22] which is characterized by a decay rate of the atomic polarization much faster than the other relaxation rates. Therefore, according to [18, 19] and setting 
For more consistencies, we have adopted, in the set of equations (1), the notation used in  , which is affected by a huge uncertainty in the literature [19, 23] , can therefore be adjusted to ensure an optimal fit of the experimental curve.
The noise power spectrum given by Eqs. (1) of the present work allows us to generalize the definition of the so called LOFI signal gain G by putting [17] :
In order to help for the physical insight of Eq. (2), we can, for the specific case of a Nd:YVO 4 laser, make the following approximations: 
According to the experimental results (Fig. 3) , taking Eq. (5b) gives us the value of the LOFI SNR gain (i.e. the ratio of the autodyne SNR to the hetrodyne SNR). In agreement with Ref. [17] , this value simply corresponds to the ratio between the power density spectra of the detection noise level and the shot noise: . One can also notice that the LOFI (autodyne) signal which is frequency dependant is higher than the Michelson (heterodyne) signal which is roughly frequency independent.
HETERODYNE INTERFEROMETER VERSUS LOFI INTERFEROMETER
As mentioned in [17] , the ratio between the autodyne signal and the heterodyne signal 
13 where the photons output rate is given by: Finally, the comparison of Eqs. (7) and (8) 
CONCLUSION
For a given laser output power, target under investigation and detection noise level, we have experimentally compared the SNR of a LOFI setup (autodyne interferometer) with a conventional Michelson arrangement (heterodyne interferometer). The experimental results obtained are in good agreement with the theoretical predictions given in [17] .
Irrespective of the resonant value of LOFI signal gain, we have experimentally demonstrated the enhanced performances of an autodyne setup compared to a heterodyne setup thanks to a LOFI SNR gain (i.e. the ratio of the LOFI SNR to the Michelson SNR) simply given by the ratio between the power density levels of the detection noise and of the shot noise. From this study, we have concluded that the LOFI setup is competitive when the optimum value of the SNR gain is greater than unity, that is to say when working at a low laser power level, and/or with a conventional noisy detection, as described in various self-mixing metrology experiments of the review paper [3] .
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Finally, one can also recall that, compared to the Michelson heterodyne interferometer, the LOFI setup is always self-aligned and therefore is much more easy to implement and robust because it doesn't require any delicate alignment. 
